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Abstract: 
There is a large number of boron containing minerals with water and/or hydroxyl units of 
which pinnoite MgB2O(OH)6 is one.  Some discussion about the molecular structure of 
pinnoite exists in the literature. Whether water is involved in the structure is ill-determined. 
The molecular structure of pinnoite has been assessed by the combination of Raman and 
infrared spectroscopy.  The Raman spectrum is characterised by an intense band at 900 cm-1 
assigned to the BO stretching vibrational mode. A series of bands in the 1000 to 1320 cm-1 
spectral range are attributed to BO antisymmetric stretching modes and in-plane bending 
modes.  The infrared spectrum shows complexity in this spectral range.  Multiple Raman OH 
stretching vibrations are found at 3179, 3399, 3554 and 3579 cm-1.  The infrared spectrum 
shows a series of overlapping bands with bands identified at 3123, 3202, 3299,3414, 3513 
and 3594 cm-1. By using a Libowitzky type function, hydrogen bond distances were 
calculated.  Two types of hydrogen bonds were identified based upon the hydrogen bond 
distance.  It is important to understand the structure of pinnoite in order to form 
nanomaterials based upon the pinnoite structure. 
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Introduction 
Pinnoite Mg[B2O(OH)6] [1] is a hydroxy magnesium borate [2].  The mineral is used as a 
source of boron [3-6].  The mineral is yellow to yellow-green in appearance and is typically 
found in bedded marine salt deposits [7].  The mineral or at least its synthetic analogue has 
the potential for the synthesis of nanomaterials [8].  Pinnoite is only one of at least 14 borate 
minerals of magnesium.  Table 1 reports the known list of borate minerals containing 
magnesium and hydroxyl and water groups without any other elements and their structure[9].  
The table shows the crystal structures of the minerals. The majority are either monoclinic or 
orthorhombic.  Chloropinnoite, 2MgO·2B2O3·MgCl2·14H2O, is a new borate, obtained from 
the natural concentrated salt lake brine in Qinghai–Xizang Plateau, P. R. China [10]. This 
mineral contains chloride anions.  
 
The mineral pinnoite possesses a tetragonal structure with point group 4 [11-14]. The cell 
data consists of space group: P42, a = 7.6140(13), c = 8.1898(8) and  Z = 4 [13].  There has 
been some discussion of the structure of pinnoite and its refinement over the years [11-15]. 
The exact structure of pinnoite is under review [13]. Paton and Mcdonald [14] found a 
surprising and noteworthy feature of the structure is the presence of long tabular voids 
running parallel to the c axis, an arrangement not normally found in borate compounds. One 
of the problems of the mineral pinnoite is the small crystal size. Genkina and Malinovskii 
[11]  refined the structure and located the possible position of the hydrogen atoms. Thus, 
making it necessary to employ other techniques to investigate its structure, for example, 
vibrational spectroscopy. 
 
 
Raman spectroscopy has proven most useful for the study of secondary minerals. To the best 
of the authors’ knowledge, there have been very few vibrational spectroscopic studies of 
pinnoite and no Raman studies of this mineral have been forthcoming.  The objective of this 
paper is to report the Raman and infrared spectra of pinnoite and relate the spectra to the 
molecular chemistry and the crystal chemistry of this borate mineral. The paper follows the 
systematic research on Raman and infrared spectroscopy of secondary minerals containing 
oxy-anions formed in the oxidation zone.  In this research, we have characterised a natural 
pinnoite using Raman and infrared spectroscopy and relate the spectra to the structure of the 
mineral.   
 
3 
 
Experimental 
Mineral 
The natural pinnoite mineral MgB2O(OH)6 was obtained from The Mineralogical Research 
Company. Details of the mineral have been published (page 550, Vol. 5) [2]. The mineral 
originated from the Inder Boron deposit and salt dome, Atyrau Province, Kazakhstan. The 
mineral is known from many localities world-wide, including Strassfurt, Germany [1] and the 
Eagle Borax works, Death Valley, California, USA, and at the Da Quidam saline lake, 
Qinghai-Xizang Plateau, Tibet, China..  It is found in the St. Dizier tin–boron deposit, 20 km 
northwest of Zeehan, Tasmania, Australia [16].   
 
Raman spectroscopy 
Crystals of pinnoite were placed on a polished metal surface on the stage of an Olympus 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 
(50x) were accumulated to improve the signal to noise ratio of the spectra. The spectra were 
collected over night. Raman Spectra were calibrated using the 520.5 cm-1 line of a silicon 
wafer.  The Raman spectrum of at least 10 crystals was collected to ensure the consistency of 
the spectra.   
 
 
Infrared spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 
are given in the supplementary information.   
 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 
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USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 
that enabled the type of fitting function to be selected and allows specific parameters to be 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 
function with the minimum number of component bands used for the fitting process. The 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 
undertaken until reproducible results were obtained with squared correlations of r2 greater 
than 0.995.  
 
Results and Discussion 
The Raman spectrum of pinnoite over the 100 to 4000 cm-1 spectral range is displayed in 
Figure 1a.  This spectrum reports the position and relative intensity of the individual bands. 
The most intense band is in the OH stretching region. In the spectrum there are areas in which 
no intensity is observed. Thus, the spectra are broken up into sections for more detailed 
analysis depending upon the vibrations being observed.  The infrared spectrum over the 550 
to 4000 cm-1 spectral range is shown in Figure 1b.  Compared with the Raman spectrum, 
much greater intensity is found. As with the Raman spectrum, the infrared spectrum is 
subdivided into sections for more detailed analysis, depending on the type of vibration being 
observed. 
 
The Raman spectrum in the 800 to 1400 cm-1 range is detailed in Figure 2a.  The infrared 
spectrum of pinnoite over the 500 to 1300 cm-1 range is displayed in Figure 2b.  The Raman 
spectrum shows a series of bands with the most prominent band at 900 cm-1 with shoulders at 
875 and 945 cm-1.  Farmer [17] reported the infrared spectrum of a number of boron 
containing minerals and summarised the results in Table 11. VIII. Bands in the 850 to 950 
cm-1 spectral range are due to the symmetric stretching modes of trigonal boron. This band at 
900 cm-1 is assigned to the BO symmetric stretching vibration of trigonal boron.  The Raman 
bands at 1260, 1299 and 1320 cm-1 are attributed to the antisymmetric stretching vibrations of 
trigonal boron.  The Raman bands at 1020, 1049, 1140, 1157 and 1186 cm-1 are due to B-OH 
in-plane bending modes.  The infrared spectrum shows greater complexity with a series of 
overlapping bands. Infrared bands are identified at 975, 1001, 1054 and 1102 cm-1 with 
shoulder bands at 923 and 954 cm-1 which are attributed to the antisymmetric BO stretching 
vibration of tetrahedral boron. The infrared bands (Figure 2b) at 1191, 1212 and 1291 cm-1 
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are ascribed to the in-plane B-O-B bending modes.  The strong infrared band at 859 with a 
shoulder band at 830 cm-1 is assigned to the symmetric stretching mode of tetragonal boron.   
The series of infrared bands at 657, 677, 715 and 746 cm-1 are assigned to the B-OH out of 
plane bending modes. It is interesting that in the Raman spectrum only one band is observed 
at 745 cm-1 which is assigned to this vibrational mode (Figure 3a).   
The Raman spectra of pinnoite in the 300 to 800 cm-1 and 100 to 300 cm-1 spectral range are 
displayed in Figures 3a and 3b.  A series of bands are observed in the Raman spectrum in the 
400 to 650 cm-1 range, with bands observed at 480, 491, 508, 524, 538, 578, 605 and 630  
cm-1.  These bands are assigned to the out-of-plane bending modes of the trigonal and 
tetragonal boron.  The three bands at 357, 375 and 388 cm-1 are assigned to MgO stretching 
bands.  The observation of multiple bands supports the concept that the MgO bonds are not 
all of the same length.  Intense Raman bands are found in the 100 to 300 cm-1 spectral range. 
These bands may be described as lattice vibrations. Intense Raman bands are observed at 126, 
193 and 230 cm-1 with bands of lesser intensity at 143, 172, 180, 260, 273 and 288 cm-1.   
 
The Raman and infrared spectra of pinnoite in the 2600 to 3800 cm-1 spectral range are 
reported in Figures 4a and 4b, respectively.  Distinct sharp Raman bands are observed at 
3179, 3399, 3554 and 3579 cm-1. Other bands of lesser intensity are found at 3085, 3290 and 
3569 cm-1.These bands are ascribed to the OH stretching vibrations.  The observation of 
multiple bands in this spectral region supports the concept that the OHs are not all equivalent. 
The infrared spectrum of pinnoite is more complex with band overlap, when compared with 
the Raman spectrum. Strong infrared bands are observed at 3123, 3202, 3299, 3414, 3543, 
3569 and 3594 cm-1.  There does not appear to be any evidence for any water bands. Kessler 
[18] determined the infrared spectrum of pinnoite and made tentative assignments of the 
infrared bands. Liu et al. [19] determined the formation of chloropinnoite in aqueous media.   
Abbasov et al. [20] measured the thermal analysis of pinnoite and suggested water was lost in 
two steps. Borisenkov [21] based upon infrared spectra concluded that the changes in the 
spectra occurred when the borates changed from non-cyclic to polycyclic.  
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Studies have shown a strong correlation between OH stretching frequencies and both 
O…O bond distances and H…O hydrogen bond distances [22-25]. Libowitzky (1999) showed 
that a regression function can be employed relating the hydroxyl stretching wavenumbers 
with regression coefficients better than 0.96 using infrared spectroscopy [26]. The function is 
described as: ν1 = 1321.0
)(
109)3043592(
OOd 
 cm-1. Thus OH---O hydrogen bond distances may 
be calculated using the Libowitzky empirical function. Hydrogen bond distances may be 
obtained by using the OH stretching wavenumbers as given in Figure 4a and 4b.  The values 
for the OH stretching vibrations based upon the infrared spectrum, provide hydrogen bond 
distances of 2.6800 Å (3123 cm-1), 2.7046 Å (3202 cm-1), 2.7424 Å (3299 cm-1), 2.7796 Å 
(3371 cm-1), 2.8082 Å (3414 cm-1), 2.9155 Å (3513 cm-1), 3.0785 Å (3569 cm-1), 3.240 Å 
(3594 cm-1).  By using the position of the Raman OH stretching wavenumbers, estimates of 
the hydrogen bond distances can be made.  Here hydrogen bond distances are calculated as 
2.6970 (3179 cm-1), 2.7155 Å (3233 cm-1), 2.7384 Å (3290 cm-1), 2.7975 Å (3399 cm-1), 
2.8089 Å (3415 cm-1), 3.0122 Å (3554 cm-1), 3.0785 Å (3569cm-1), 3.1589 Å (3579cm-1). It 
is observed that the hydrogen bond distances calculated from the infrared spectra are in a 
similar range as calculated from the Raman spectrum. 
 
The large hydrogen bond distances which are present in pinnoite can also be seen in 
other mixed anion minerals such as peisleyite and perhamite [27, 28] where the distances 
ranging between 3.052(5) and 2.683(6) Å. Such hydrogen bond distances are typical of 
secondary minerals. A range of hydrogen bond distances are observed from reasonably strong 
to weak hydrogen bonding. This range of hydrogen bonding contributes to the stability of the 
mineral. Two types of OH units can be identified in the structure of pinnoite. The hydrogen 
bond distances previously established can be used to predict the hydroxyl stretching 
wavenumbers. The spectrum of pinnoite may be divided into two groups of OH stretching 
wavenumbers; namely 30003400 cm-1 and 34003600 cm-1. This distinction suggests that 
the strength of the hydrogen bonds as measured by the hydrogen bond distances can also be 
divided into two groups according to the H-bond distances. An arbitrary cut-off point may be 
3.00 Å based upon the wavenumber 3300 cm-1. Thus the first bands listed above may be 
described as weak hydrogen bonds and the last two bands as relatively strong hydrogen 
bonds.  
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The infrared spectrum of pinnoite in the 1300 to 1800 cm-1 range is shown in Figure 5. The 
Raman spectra in this spectral range were obtained but were of such a low signal that no 
peaks could be found with any degree of certainty.  A number of bands are found at 1629, 
1665 and 1696 cm-1 and are assigned to water HOH bending modes. The position of the 
bands is indicative involved in strong hydrogen bonding in the mineral. For liquid water, the 
bending mode is normally found around 1620 cm-1. Strong infrared bands are observed at 
1315, 1329, 1355 and 1413 cm-1 are assigned to the antisymmetric stretching modes of 
trigonal boron [17].   
 
Conclusions  
There are many hydroxyl containing borate minerals which have yet to have their vibrational 
spectrum determined and the molecular structure assessed in terms of their vibrational 
spectrum. In this work we have measured the Raman and infrared spectrum of pinnoite, a  
magnesium hydroxyl containing borate mineral. The importance of the mineral pinnoite rests 
with the chemistry of the compound and the potential to synthesise nanomaterials based upon 
polymerization of borate units. Such compounds have the potential to make especially 
selected ferroelectric, pyroelectric and piezoelectric properties. Pinnoite is a precursor for the 
synthesis of nanomaterials. 
 
The Raman spectrum of pinnoite is characterised by intense bands at 745 and 900 cm-1. These 
bands are assigned to the BO symmetric stretching vibrations of trigonal and tetrahedral 
boron.  The infrared spectrum is characterised by a complex set of overlapping bands. 
Multiple Raman OH stretching vibrations are found at 3179, 3399, 3554 and 3579 cm-1.  The 
infrared spectrum shows a series of overlapping bands with bands identified at 3123, 3202, 
3299, 3414, 3513 and 3594 cm-1. Some bands which are attributable to water in the structure 
of pinnoite were found. It is probable that some of the OH units are replaced with or form 
strong hydrogen bonds with water. The water may be strongly adsorbed on the puinnoite 
surfaces.  By using a Libowitzky type function, hydrogen bond distances were calculated.  
Two types of hydrogen bonds were identified based upon the hydrogen bond distance.  By 
using a combination of Raman and infrared spectroscopy an assessment of the molecular 
structure of pinnoite was obtained.  
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Table 1 
admontite Mg[B6O7(OH6)·4H2O monoclinic 
aksaite Mg[B6O7(OH6)·2H2O orthorhombic 
canavesite Mg2(HBO3)(CO3)·5H2O monoclinic 
halurgite Mg2[B4O7]2·5H2O monoclinic 
hungchaoite Mg[B4O7] ·9H2O triclinic 
hydroxylborite Mg3(BO3)(OH)3 hexagonal 
inderite Mg(H4B3O7)(OH)·5H2O monoclinic 
kurnakovite Mg(H4B3O7)(OH)·5H2O triclinic 
mallisterite Mg2[B6O7(OH)6]2·9H2O Not known 
pertsevite-(OH) Mg2(BO3)(OH) orthorhombic 
pinnoite Mg[B2O(OH)6] tetragonal 
preobrazhenskite MgBO(OH) orthorhombic 
szaibelyite MgBO2(OH) monoclinic 
wightmanite Mg5(BO3)O(OH)5·2H2O monoclinic 
 
12 
 
List of Figures 
Figure 1 (a) Raman spectrum of pinnoite in the 100 to 4000 cm-1 spectral range and (b) 
infrared spectrum of pinnoite in the 500 to 4000 cm-1 spectral range. 
 
Figure 2 (a) Raman spectrum of pinnoite in the 800 to 1400 cm-1 spectral range and (b) 
infrared spectrum of pinnoite in the 500 to 1300 cm-1 spectral range. 
 
Figure 3 (a) Raman spectrum of pinnoite in the 300 to 800 cm-1 spectral range and (b) Raman 
spectrum of pinnoite in the 100 to 300 cm-1 spectral range. 
 
Figure 4 (a) Raman spectrum of pinnoite in the 2600 to 4000 cm-1 spectral range and (b) 
infrared spectrum of pinnoite in the 2600 to 3800 cm-1 spectral range. 
 
Figure 5 Infrared spectrum of pinnoite in the 1300 to 1800 cm-1 spectral range. 
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